ABSTRACT
INTRODUCTION
Airborne spacing is a promising area of air traffic management research where air traffic controllers retain responsibility for keeping aircraft separated but can, where appropriate, delegate pair wise spacing related tasks to the flight deck 2 . Information to support these tasks, such as identification, position and velocity of other aircraft, could be transmitted by new air-to-air surveillance technology e.g. Automatic Dependent Surveillance Broadcast (ADS-B) 16 .
Sequencing aircraft applications (in-trail, merging) were widely studied in the literature. The main focus concerned 'in-trail' operations, solutions being obtained theoretically 1, 14, 18 , or using human in the loop type experiments 10, 15, 17 . Merging applications seemed to be less studied; therefore this paper concentrates on the 'merge behind' application as defined by the Eurocontrol Air Traffic Management (ATM) research project Co-Space (see 4 and references therein). Realtime simulations in 4 show that it is important that both air traffic controller and pilots have a clear understanding of whether a 'merge behind' is feasible at the time the instruction is issued. In 7 three different guidance controllers for merging pairs of aircraft at a fixed waypoint in level flight with no wind were investigated. A wind turbulence model was developed in 8 to investigate the effects on constant time delay airborne spacing.
The objective of this study was to investigate what were the admissible entry conditions for merging aircraft using airborne spacing. A robust controller was designed to cope with realistic cases of three aircraft merging at the same fixed waypoint while descending under turbulent wind conditions. An envelope of the entry conditions was established in terms of initial spacing and speed relative to initial distance to the waypoint.
The paper is organised as follows: the 'merge behind' application is described followed by the merging guidance law and environment model (aircraft and wind). The evaluation method describes the test scenarios, metrics and range of experimental parameters used. Results are presented as a series of graphs for a sequence of two aircraft and then contour maps for a sequence of three aircraft, followed by a conclusion.
'MERGE BEHIND' APPLICATION
The 'Merge behind' application involves an air traffic controller asking a pilot to select a neighbouring aircraft as a target on a Cockpit Display of Traffic Information (CDTI). An example of the phraseology developed 4 is:
Once the target has been selected, the air traffic controller can then ask the pilot to merge behind the target at a given waypoint ahead with a given spacing. An example of the phraseology developed is: where the spacing is defined as a distance in nautical miles (NM).
The 'Merge behind' application is graphically explained in Figure 1 .
The two aircraft, the leader (target) and the trailing aircraft, are flying straight to the same fixed waypoint. The solid arrows represent the current position and track angle of the aircraft, and the dashed arrows represent the desired positions of the two aircraft when the leader will reach the waypoint. At this moment the spacing between aircraft must be equal to the desired spacing, and the aircraft should have similar speeds. After the waypoint the problem is similar to the in-trail following aircraft situation, i.e. each aircraft follows its own trajectory within a sequence maintaining the spacing between itself and the aircraft immediately in front. Mathematically, this concept can be expressed as follows: let d trail and d lead be the distances from the current positions of the respective aircraft to the waypoint. When the leader reaches the waypoint (d lead =0), the spacing error is the difference between the remaining distance of the trailing aircraft to the waypoint and the desired spacing:
From Co-Space real time simulations it was observed that air-traffic controllers frequently used heading instructions to spread aircraft out on diverging stretched paths (creating spacing) before merging them again on converging tracks. This often led to situations where the 'merge behind' instruction was used for several consecutive aircraft on multiple converging tracks. Figure 2 shows a common case where three aircraft have to merge to the same waypoint from three different directions. In this case the first trailing aircraft (aircraft N°2) becomes a leader for the second trailing aircraft (aircraft N°3).
SPACING GUIDANCE DESIGN
The guidance law aims at establishing a given spacing at the waypoint to a lead aircraft through speed adjustments as a pilot or as cockpit automation would do. The guidance law receives surveillance data from the lead aircraft and feeds the desired target calibrated airspeed input ( 
CAS
) of the aircraft model. The target altitude (h des ) is fed independently, and depends on the top of descent scenario.
The following criteria were considered when designing the spacing guidance law:
Spacing error at the merging waypoint should be small.
ii) The trailing aircraft should have a similar speed to that of the lead aircraft for a smooth transition in to a 'remain behind' application after the waypoint.
iii) The frequency of speed changes asked of the pilot in the trailing aircraft should be low enough to be operationally acceptable.
iv) The speed profile of the trailing aircraft should be smooth with minimal speed deviations because it may itself be a target lead for another trailing aircraft behind
The following spacing guidance law was derived using the above criteria:
where the desired CAS of the trailing aircraft 
is given by:
Spacing director model
The desired CAS of the trailing aircraft ed traildesir CAS is passed though a quantiser to reduce the variations before presentation to the pilot model. This 'spacing director' logic takes the form:
The final output is rounded to the nearest knot before presentation to the pilot model.
Pilot model
Pilot reaction to the above demand from the spacing director (
CAS
) is modelled by a 3 s constant time delay. This value was chosen because it seemed reasonable rather than being based on any specific measurements from real-time simulations.
ENVIRONMENT MODEL

Aircraft model
The aircraft model includes the basic equations of motion, aerodynamic model, engine model, auto-pilot, auto-throttle control system, aircraft sensors and air-data model. The aircraft model is based on point mass equations of motion but with additional realistic rotational dynamics about the centre of gravity. The model includes lateral motion of the centre of gravity and dynamic characteristics of the engines. A detailed description can be found in the Appendix.
An admissible speed envelope model based on physical limits like stall speeds and maximum airframe speeds is incorporated in the aircraft model. These limits may not be as conservative as those used by airlines for normal operations.
This study assumed a perfect airborne surveillance transmission of lead aircraft position and velocity to the trailing aircraft, i.e. continuous update rate, no latency and perfect accuracy.
Wind model
The wind model is based on that of the Joint Aviation Requirements All Weather Operations (JAR-AWO) autoland certification process 9 . In this model the mean wind speed is altitude dependent, and directly associated with the wind as measured at 30 feet AGL (Above Ground Level). The mean wind speed determines the turbulence intensity, and the wind velocity increases with altitude ( Figure 3 ). 
Mean wind
The magnitude of the mean wind increasing with altitude is defined by the following expression:
where mean V is the mean wind speed measured at h metres and 30 V is the mean wind speed (knots) at 30 feet AGL.
Turbulence spectrum
The turbulence model has a Gaussian distribution, conforming to the Dryden spectrum. The turbulence provided disturbances of the aircraft airspeed and angle of attack.
EVALUATION METHOD
Simulation environment
The tests involved a sequence of aircraft on multiple merging trajectories. Aircraft models, spacing guidance and wind models were simulated using the Matlab/Simulink environment.
Guidance law validation
Validation scenario
To validate the guidance law the following scenario was simulated:
The lead and trailing aircraft were in descent from 29,000 feet to 3,000 feet, flying straight to the same fixed waypoint. The lead aircraft track was due north and the trailing aircraft track angle -25°. At the initial time the lead aircraft was at 80 NM from the waypoint and constant speed 272 knots CAS (7 NM/minute). The trailing aircraft was initialised at 96 NM from the waypoint with a speed of 232 knots CAS. The scenario was conducted under realistic atmospheric conditions with turbulent cross winds from -45° (i.e. from the north-west), of mean strength 20 knots at 30 feet altitude and 50 knots at 29,000 feet altitude.
Metrics
The following metrics were used to evaluate the performance of the guidance law:
1. Spacing distance error in NM at the waypoint.
2. Groundspeed difference in knots between aircraft at the waypoint.
The intermediate speed profiles were also checked for operational acceptability as detailed in the four guidance design criteria (see section "Spacing guidance design").
Effect of entry conditions
Operational scenarios
Three aircraft descended along different merging trajectories (aircraft tracks for N°s 1 and 2 as above plus aircraft N°3 track at -45° i.e. from south -east) from 29,000 feet to 3,000 feet to the same fixed waypoint. The operational scenarios were conducted under realistic atmospheric conditions with cross winds of 20 knots at 30 feet altitude and 50 knots at 29,000 feet altitude and medium turbulence. At 25,000 feet a speed change was commanded for the leader profile from 272 knots CAS to 232 knots CAS.
Metrics
A given set of entry conditions was deemed valid if they resulted in both the following two criteria being met:
1. Spacing criterion: Spacing distance error at the waypoint had to be less than ±0.4 NM (i.e. 5 % of error). See spacing guidance design criterion (i). This value is consistent with pilots in real time simulations being able to manually maintain spacing within 0.5 NM.
2. Speed criterion: Groundspeed difference between two consecutive aircraft at the waypoint had to be less than 10 knots. See spacing guidance design criterion (ii).
Experimental parameters
The following parameters were varied:
For a sequence of two aircraft:
1. Initial aircraft N°1 distance to go to the waypoint was varied between the values [0, 10, 20, 40, 70, 100] NM.
2. For each initial distance of aircraft N°1 above, initial spacing error of aircraft N°2 relative to aircraft N°1 was varied to find lower and upper bounds somewhere in the range -22 to +25 NM.
For the following initial distances of aircraft N°1
[20, 40, 70, 100] NM, initial spacing error and speed of aircraft N°2 relative to N°1 were varied to find lower and upper bounds in the ranges -24 to +26 NM and -60 to +50 knots respectively.
For a sequence of three aircraft:
4. Initial aircraft N°1 distance to go to the waypoint was varied between the values [40, 70, 100] NM.
5. For each initial distance of aircraft N°1 above, initial spacing errors of aircraft N°2 relative to aircraft N°1, and aircraft N°3 relative to aircraft N°2 were varied to find lower and upper bounds. These bounds were within the ranges -22 to +25 NM (aircraft N°2) and -31 to +30 NM (aircraft N°3).
Due to the use of a turbulent wind model, random trials were employed to find the lower and upper bounds.
RESULTS
Guidance validation
Results of the fast-time simulations are shown in Figures 4, 5 and 6 . The maximum time-scale in the graphs corresponds to the time for the leader to reach the waypoint (~15 minutes). The guidance law produced very small spacing errors (Figure 4 , less than 0.1 NM) and similar groundspeeds ( Figure 5 , difference less than 3 knots).
The performances of the spacing director model are shown in Figure 6 . The desired CAS calculated by the guidance law (dotted line) was passed through the spacing director. The frequency of the CAS speed changes asked of the pilot (solid line) became low enough to be operationally acceptable, without any loss of stability. 
Results on effect of entry conditions
These results are presented in two steps. Figure 7 shows how the minimum and maximum admissible entry condition bounds for aircraft N°2 expanded when the initial distances between aircraft N°1 and the waypoint were increased. The aircraft speeds were initialised to the same value (272 knots CAS).
Sequence of two aircraft
The horizontal axis represents the initial distance (increasing from 0 to 100 NM) between aircraft N°1 and the waypoint. The vertical axis shows the initial spacing error between the two aircraft (the ideal initial spacing of 8 NM corresponds to 0 NM on the vertical axis). The dotted and solid lines represent the minimum and maximum admissible entry spacing errors between the two aircraft inside which the merging criteria were met. The small asymmetry between minimum and maximum allowable initial spacing errors may be explained because an aircraft tends to be able to accelerate more easily than decelerate during descent (speed breaks were not used).
Example 1: if the first aircraft is initialised at 40 NM from the waypoint, the minimum admissible spacing error is -5 NM. Therefore the initial minimum spacing between the two aircraft is 8-5 = 3 NM. Equally, the maximum admissible spacing error is +6 NM, with a corresponding initial maximum spacing of 8+6 = 14 NM. The resulting admissible entry interval of position for the second aircraft is [+(40+3) NM, +(40+14) NM] from the waypoint.
Note that if aircraft N°1 is far enough from the waypoint (> 50 NM), aircraft N°2 can be initialised closer to the waypoint than aircraft N°1 even though this may not be operationally desirable. Figure 8 shows how the minimum and maximum admissible entry condition bounds for aircraft N°2 vary with the difference in initial speed. The speed of aircraft N°1 was constant at 272 knots CAS.
The horizontal axis represents the values corresponding to the speed difference between the two aircraft. The vertical axis represents the initial spacing error between the two aircraft. The centre of the graph corresponds to ideal entry conditions of aircraft N°2: at 8 NM behind aircraft N°1 and with the same speed. The surrounding speeddistance contours show the entry condition bounds of aircraft N°2 corresponding to initial distances of aircraft N°1 to the waypoint. The results show that the impact of varying the speed was slight. For speed variation between -60 and +50 knots, the distance/speed gradient was approximately 1 NM per 20 knots. Figure 9 shows the admissible entry condition bounds in initial spacing error for a sequence of three aircraft with equal initial speeds. The results are presented as contour maps, where each contour corresponds to an initial distance of aircraft N°1 from the waypoint. The horizontal axis represents the initial spacing error between aircraft N°2 and aircraft N°1. The vertical axis shows the initial spacing error between aircraft N°3 and aircraft N°2. Each contour defines a region inside which the entry conditions satisfy the merging criteria.
Sequence of three aircraft
Figure 9:
Entry conditions -initial spacing error for a sequence of three aircraft with the same speeds.
The contours of the map show how the initial spacing error envelopes of the second and third aircraft grew with initial distance of aircraft N°1 from the waypoint.
Example 2: if aircraft N°1 is initialised at 70 NM from the waypoint, and aircraft N°2 is initialised with a spacing error of -10 NM, then aircraft N°3 can be initialised with a spacing error anywhere between -5 NM and + 23 NM relative to aircraft N°2.
Irregularities in the shape contours correspond to limiting cases, when aircraft N°2 was initialised with the maximum spacing error and consequently the spacing or speed criteria could not be met for certain special intermediate initial positions of aircraft N°3. Figure 10 presents the same results as in Figure 9 , but in terms of absolute admissible entry position bounds with respect to the waypoint. 
CONCLUSION
A guidance law was developed capable of merging multiple aircraft in descent under turbulent wind conditions. Effects of initial distances and speeds on the ability of an aircraft to descend from 29,000 to 3,000 feet and establish a stable spacing (8 NM) behind another by a given merge waypoint were measured using Matlab/Simulink fast-time simulations. Results for two aircraft at the same initial speed (272 knots calibrated airspeed) show how the possible initial spacing error envelope grew from [-0, +0] to [-22 , +25] NM when the initial distance of the lead aircraft to the merge waypoint was increased from 0 to 100 NM. The impact on initial spacing error of varying the difference in initial speed from -60 to +50 knots between the two aircraft was slight (magnitude less than 5 NM). Results for three aircraft of similar initial speeds are presented as contour maps to show how the initial spacing error envelopes of the second and third aircraft grew with initial distance of the lead aircraft to the merge waypoint.
These results could contribute towards the development of a tool for helping controllers and pilots determine whether a particular 'Merge behind' operation is feasible.
Future work could look at how other factors such as wind speed and turbulence, altitude and altitude rate, aircraft type and more aircraft in the sequence affect these results. In particular the admissible speed envelope model used in this study could be reduced to a level more comparable with normal airline operating limits to give more realistically conservative entry conditions.
APPENDIX: AIRCRAFT MODEL
For this study an aircraft model was required with realistic behaviour along typical descent profiles, including speed and heading changes, and intermediate altitude steps. The aircraft model is divided into two parts
• The aircraft dynamics models the actual physics of the system. • The pilot model is a combined representation of the aircraft auto pilot system and to a certain extent of the pilot actions on it.
For the aircraft dynamics, the following general assumptions are made:
• Flat, non-rotating earth.
• Standard atmosphere.
• Fully co-ordinated flight. The sideslip angle β is always zero and there is no side force.
The equations of motion used for the aircraft mode l are based on the three-dimensional point-mass differential equations, as found in many references 12, 13 . The total set of differential equations results in 7 state variables, [γ V h ϕ ψ x east x north ], where: γ is the flight path angle, V the true airspeed, h vertical distance or altitude, ϕ is the bank angle, ψ the heading angle, x east the east position and x north the north position and m the aircraft mass. Because the aircraft mass is not considered to be constant, the equations of motion are complemented by an eighth equation, describing the loss of mass due to the fuel flow (Q) of the aircraft. The final set of equations are given hereafter:
Here, D is the drag, T the engine thrust, α angle of attack, χ wind and V wind are the wind direction and speed, L is the lift, p is the roll rate and g is gravity. A normal flight regime, is considered in this study, therefore α is relatively small, and in (2.2) cosα can be approximated to 1. Further, in (2.1), the term T⋅sinα can be considered as negligible in comparison with the lift contribution. This simplifies (2.1) and (2.2) to:
The differential equations (2.3) to (2.10) constitute then the basic equations of motion of the aircraft model. The aerodynamic forces are modelled using an estimate of the aircraft trimmed aircraft polar, with an extension to take into account the effects of Mach-drag rise. The Mach-drag rise component is usually a function of Mach number and lift coefficient. A 2-dimensional look-up table is used to model the aircraft polar.
The thrust is computed from a given thrust over weight ratio for a given aircraft, by multiplying this ratio by a percentage thrust command and the maximum take-off mass of the aircraft type at hand. The thrust over weight ratio is calculated from a two-dimensional look-up table, as function of Mach and pressure altitude. The thrust characteristics used in the model are typical for high by-pass turbofan aircraft. Due to the fact that the thrust is calculated as a dimensionless thrust over weight ratio, the thrust model can be adapted easily to various aircraft types, without significant changes to the thrust model. By using a calibration factor (ranging from plus or minus 20%) the model can therefore easily be adapted to any aircraft type.
The autopilot allows the aircraft to follow the reference targets (desired airspeed and altitude). The principle used to design the autopilot is based on the total energy 6, 11 . It is beyond the scope of the present paper to go into the details of the actual implementation of the controller. The tuning of the parameters of the pilot model and the validation of the overall resulting trajectories has been performed using two references:
• a fixed base cockpit simulator at the Eurocontrol Experimental Centre, based on a high fidelity 6 degree of freedom B747 and A320 aircraft models • a high fidelity 6 degree of freedom Fokker 100 simulator 3 at the National Aerospace Laboratory of Netherlands.
